Yuan H‐X, Feng X‐E, Liu E‐L, et al. 5,2′‐dibromo‐2,4′,5′‐trihydroxydiphenylmethanone attenuates LPS‐induced inflammation and ROS production in EA.hy926 cells via HMBOX1 induction. J Cell Mol Med. 2019;23:453--463. 10.1111/jcmm.13948

1. INTRODUCTION {#jcmm13948-sec-0001}
===============

Reportedly, bromophenols (BPs), which are isolated from marine algae, exhibit interesting biological activities including anti‐oxidative,[1](#jcmm13948-bib-0001){ref-type="ref"}, [2](#jcmm13948-bib-0002){ref-type="ref"}, [3](#jcmm13948-bib-0003){ref-type="ref"} antibacterial,[4](#jcmm13948-bib-0004){ref-type="ref"}, [5](#jcmm13948-bib-0005){ref-type="ref"} anticancer,[6](#jcmm13948-bib-0006){ref-type="ref"} anti‐inflammatory,[7](#jcmm13948-bib-0007){ref-type="ref"} anti‐diabetic[8](#jcmm13948-bib-0008){ref-type="ref"} and glucose 6‐phosphate dehydrogenase inhibitory[9](#jcmm13948-bib-0009){ref-type="ref"} effects. Encouraged by these exciting pharmacological characteristics, our group synthesized a series of BP analogues, and several of our novel compounds exhibited high bioactivity both in vitro and in vivo.[10](#jcmm13948-bib-0010){ref-type="ref"}, [11](#jcmm13948-bib-0011){ref-type="ref"}, [12](#jcmm13948-bib-0012){ref-type="ref"}, [13](#jcmm13948-bib-0013){ref-type="ref"}, [14](#jcmm13948-bib-0014){ref-type="ref"}, [15](#jcmm13948-bib-0015){ref-type="ref"} Among these, TDD showed the most potent anti‐oxidant and cytoprotective properties,[14](#jcmm13948-bib-0014){ref-type="ref"} which may be related to its participation in the regulation of apoptosis and inflammation.[13](#jcmm13948-bib-0013){ref-type="ref"} In addition, pharmacological studies have demonstrated that TDD can ameliorate myocardial ischaemia‐reperfusion injury and prevent arteriosclerosis.[10](#jcmm13948-bib-0010){ref-type="ref"}, [11](#jcmm13948-bib-0011){ref-type="ref"} Taken together, these findings indicate that TDD could improve endothelial function, reduce oxidative stress and suppress inflammatory reactions. Thus, studies aiming towards understanding the molecular mechanisms underlying TDD activities are imperative.

HMBOX1, considered to be a transcription repressor, was first identified and synthesized from a human pancreatic cDNA library.[16](#jcmm13948-bib-0016){ref-type="ref"} HMBOX1 is expressed in many human tissues, including the cytoplasm of the human umbilical vein endothelial cells (HUVECs). The lack of HMBOX1 in HUVECs can induce cell apoptosis and inhibit cell autophagy, which are indispensable for HUVEC survival.[17](#jcmm13948-bib-0017){ref-type="ref"} In addition, HMBOX1 is essential for the maintenance of endothelial function and has the potential to be a novel therapeutic target for atherosclerosis (AS).[18](#jcmm13948-bib-0018){ref-type="ref"} However, the precise role of HMBOX1 in the context of anti‐inflammatory and anti‐oxidative effects of TDD in EA.hy926 cells remains unknown.

Endothelial dysfunction is a critical factor in the pathogenesis of AS.[19](#jcmm13948-bib-0019){ref-type="ref"}, [20](#jcmm13948-bib-0020){ref-type="ref"}, [21](#jcmm13948-bib-0021){ref-type="ref"} An increasing number of studies have demonstrated the close association of vascular inflammatory response and oxidative stress with endothelial dysfunction.[22](#jcmm13948-bib-0022){ref-type="ref"}, [23](#jcmm13948-bib-0023){ref-type="ref"}, [24](#jcmm13948-bib-0024){ref-type="ref"} Thus, the inhibition of vascular inflammatory response and oxidative stress may be a promising therapeutic approach in the treatment of AS and other cardiovascular diseases. To investigate the key molecules and pathways of TDD, gene expression profiles of control and TDD‐treated EA.hy926 cells were studied using microarray analysis. Our results indicated that HMBOX1 was dramatically upregulated in TDD‐treated EA.hy926 cells. One of the biological processes most significantly influenced by TDD was the response to lipopolysaccharide (LPS); this result is in agreement with the results of previous investigations.[13](#jcmm13948-bib-0013){ref-type="ref"} Reportedly, LPS can initiate vascular inflammatory response and oxidative stress.[25](#jcmm13948-bib-0025){ref-type="ref"}, [26](#jcmm13948-bib-0026){ref-type="ref"} Therefore, we sought to understand the correlation between HMBOX1 activation and the anti‐inflammatory and antioxidant effects of TDD in LPS‐treated EA.hy926 cells and further explored the possible underlying mechanisms.

2. MATERIALS AND METHODS {#jcmm13948-sec-0002}
========================

2.1. Materials {#jcmm13948-sec-0003}
--------------

TDD was synthesized in our laboratory as previously reported (Supplementary Material online, Figure [S1](#jcmm13948-sup-0001){ref-type="supplementary-material"}, 99% purity).[14](#jcmm13948-bib-0014){ref-type="ref"} LPS was purchased from Sigma‐Aldrich (St. Louis, MO, USA). Antibodies for phosphor (p)‐ERK1/2, ERK1/2, p‐p38, p38, p‐JNK, JNK, ICAM‐1, VCAM‐1, E‐selectin and NF‐κB/p65 were purchased from Cell Signaling Technology (Beverly, MA, USA). TRIzol reagent, a PrimeScript™ RT reagent kit and an SYBR Premix Ex Taq™ II kit were obtained from TaKaRa Bio, Inc. (Shiga, Japan). Lamin B Rabbit Monoclonal Antibody, a nuclear protein extraction kit, and an NF‐κB Activation‐Nuclear Translocation Assay Kit were obtained from Biotechnology Co. (Shanghai, China). The antibody for HMBOX1 was obtained from Proteintech Group Inc. (Wuhan, China). ELISA kits for IL‐6 and TNF‐α, β‐actin antibody, horseradish peroxidase‐conjugated secondary antibodies and enhanced chemiluminescence (ECL) detection kit were obtained from Boster Biotech Co., Ltd. (Wuhan, China).

2.2. Cell cultivation {#jcmm13948-sec-0004}
---------------------

Cells of the human‐derived EAhy.926 EC line and THP‐1 monocytes were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in high‐glucose DMEM or RPMI 1640 medium according to the manufacturer\'s recommendations.

2.3. Cell viability and apoptosis {#jcmm13948-sec-0005}
---------------------------------

Cell viability was determined by MTT quantitative colorimetric assay as previously reported.[27](#jcmm13948-bib-0027){ref-type="ref"} EA.hy926 cells were treated with TDD at various concentrations (0‐80 μmol/L) for 24 hours in 96‐well plates. Cells were subsequently incubated with 10 μL MTT at 37°C for 4 hours. After the medium was removed, the cell precipitates were dissolved in 100 μL of DMSO and analysed at 570 nm on a Bio‐Rad Model 680 Microplate Reader (Hercules, CA, USA). Simultaneously, cell apoptosis was analysed using an Annexin V‐FITC Apoptosis Kit (Life Technologies, Eugene, OR, USA).[27](#jcmm13948-bib-0027){ref-type="ref"} Briefly, cells were treated with various concentrations of TDD for 24 hours in a six‐well dish. The cells were digested, washed with PBS and resuspended in binding buffer. Then, the cells were incubated with Annexin V‐FITC and PI in the dark for 15 minutes before analysis using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

2.4. Microarray analysis {#jcmm13948-sec-0006}
------------------------

Total RNA was extracted from EA.hy926 cells, which were either untreated or exposed 10 μmol/L TDD for 1 hour. An Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA) was used to evaluate RNA purity and concentration. The EA.hy926 cell gene expression profiles of different groups were analysed using the Agilent Human 8 × 60 K.

2.5. Cell adhesion assay {#jcmm13948-sec-0007}
------------------------

Monocytes adhering to EA.hy926 cells were evaluated by using THP‐1 cells as previously described.[28](#jcmm13948-bib-0028){ref-type="ref"} Briefly, EA.hy926 cells were treated with TDD (0, 5, 10 and 20 μmol/L) for 4 hours before the addition of LPS (1 μg/mL) for 12 hours in 96‐well plates. Calcein AM‐labelled THP‐1 cells were then added to EA.hy926 cells for 1 hour and non‐adherent THP‐1 cells were removed by washing with PBS. The fluorescence of bound monocytes was measured using a multi‐detection microplate reader (Variskan Flash; Thermo Scientific, Waltham, MA, USA) at 490 and 515 nm.

2.6. Cytokine assays {#jcmm13948-sec-0008}
--------------------

The concentrations of the cytokines IL‐6 and TNF‐α in the supernatants were measured using ELISA kits according to the manufacturer\'s recommendations.

2.7. Measurement of ROS generation {#jcmm13948-sec-0009}
----------------------------------

The production of intracellular reactive oxygen species (ROS) was evaluated using the DCFH‐DA probe (Sigma‐Aldrich) as previously described.[27](#jcmm13948-bib-0027){ref-type="ref"} Then, DCF fluorescence was detected by flow cytometric analysis at 488 and 525 nm using a BD Biosciences flow cytometer.

2.8. Quantitative real‐time polymerase chain reaction {#jcmm13948-sec-0010}
-----------------------------------------------------

Total cell RNA was extracted using TRIzol reagent. The cDNA was amplified from 1.0 μg total RNA using the PrimeScript RT™ reagent kit. Primer sequences used in this study are shown in Table [1](#jcmm13948-tbl-0001){ref-type="table"}. Quantitative analysis of mRNA expression was performed on a StepOnePlus™ PCR System (Applied Biosystems, Foster City, CA, USA) using the SYBR Premix Ex Taq™ II Kit. Raw data were calculated and normalized to the mRNA expression levels of GAPDH.

###### 

List of primer sequences

  Primer name             Primer sequence
  ----------------------- -------------------------------
  TNF‐α (forward)         5′‐CCTGTGAGGAGGACGAACAT‐3′
  TNF‐α (reverse)         5′‐TTTGAGCCAGAAGAGGTTGAG‐3′
  MCP‐1 (forward)         5′‐TCAGCCAGATGCAATCAATG‐3′
  MCP‐1 (reverse)         5′‐AGATCTCCTTGGCCACAATG‐3′
  IL‐1β (forward)         5′‐TGGCAGAAAGGGAACAGAAA‐3′
  IL‐1β (reverse)         5′‐CTGGCTGATGGACAGGAGAT‐3′
  IL‐6 (forward)          5′‐GTGTGAAAGCAGCAAAGAG‐3′
  IL‐6 (reverse)          5′‐CTCCAAAAGACCAGTGATG‐3′
  ICAM‐1 (forward)        5′‐TCACCTATGGCAACGACTCC‐3′
  ICAM‐1 (reverse)        5′‐GTGTCTCCTGGCTCTGGTTC‐3′
  VCAM‐1 (forward)        5′‐GAAGGTGGCTCTGTGACCAT‐3′
  VCAM‐1 (reverse)        5′‐AAAGGTGCTGTAGATTCCCATT‐3′
  E‐Selection (forward)   5′‐CTGAGTCCTGCTCCTTCCAA‐3′
  E‐Selection (reverse)   5′‐CTTCGGTGTAGCCCATTTGT‐3′
  HMBOX1 (forward)        5′‐AGCATGGGTCAGAGGTCATACAG‐3′
  HMBOX1 (reverse)        5′‐GGAAAGTACCAGATGTGGCAG‐3′
  GAPDH (forward)         5′‐GCACCGTCAAGGCTGAGAAC‐3′
  GAPDH (reverse)         5′‐TGGTGAAGACGCCAGTGGA‐3′

John Wiley & Sons, Ltd

2.9. Western blot analysis {#jcmm13948-sec-0011}
--------------------------

Extracts from cell cytoplasm and nuclear proteins were prepared as previously described.[29](#jcmm13948-bib-0029){ref-type="ref"} Sample proteins (30 μg) were separated by SDS‐PAGE and transferred to nitrocellulose membranes. After the membranes were blocked with 5% non‐fat milk, they were probed overnight at 4°C with the indicated antibodies. Then, membranes were washed and incubated with horseradish peroxidase‐conjugated secondary antibodies as previously described.[27](#jcmm13948-bib-0027){ref-type="ref"}, [29](#jcmm13948-bib-0029){ref-type="ref"} Immunoreactivity was detected by ECL reagents and data were analysed using Adobe Photoshop CC software.

2.10. Confocal microscopy {#jcmm13948-sec-0012}
-------------------------

EA.hy926 cells were cultured in four‐chambered coverglass and treated with TDD (20 μmol/L) for 4 hours before the addition of LPS (1 μg/mL) for a further 2 hours. An NF‐κB nuclear translocation assay was performed using an NF‐κB activation‐nuclear translocation assay kit. Briefly, after the cells were fixed and blocked, they were incubated with NF‐κB p65 antibody at 4°C overnight. Next, the cells were incubated with a Cy3‐conjugated secondary antibody at room temperature for 1 hour and stained with DAPI for 5 minutes. Immunofluorescence was observed using an Olympus Fluoview FV1000 confocal microscope (Waltham, MA, USA).

2.11. HMBOX1 siRNA transfection {#jcmm13948-sec-0013}
-------------------------------

The HMBOX1 gene silencer was designed and synthesized by GenePharma (Shanghai, China). Transfection experiments were performed using 50 nmol/L siRNA and siRNA‐mate Reagent (GenePharma) according to the manufacturer\'s protocol.

2.12. Statistical analysis {#jcmm13948-sec-0014}
--------------------------

All experiments were conducted in triplicates. All results are expressed as the mean ± SD. The data were analysed using the Student\'s *t*‐test and differences were considered statistically significant at *P *\<* *0.05.

3. RESULTS {#jcmm13948-sec-0015}
==========

3.1. TDD had no cytotoxicity at optimal concentrations {#jcmm13948-sec-0016}
------------------------------------------------------

In this study, the cytotoxicity of TDD in the EA.hy926 cells was investigated with the MTT assay. The results showed that TDD had no cellular toxicity at concentrations of up to 20 μmol/L over 24 hours (Supplementary material online, Figure [S2](#jcmm13948-sup-0001){ref-type="supplementary-material"}). Consistent with the MTT assay, TDD did not induce cell apoptosis at concentrations of 5‐20 μmol/L compared with EA.hy926 cells treated without TDD (Supplementary material online, Figure [S3](#jcmm13948-sup-0001){ref-type="supplementary-material"}). Therefore, in the subsequent experiments, TDD was used at a concentration between 5 and 20 μmol/L.

3.2. Microarray analysis of TDD‐treated EA.hy926 cells {#jcmm13948-sec-0017}
------------------------------------------------------

To investigate the target‐related genes and pathways in TDD‐treated EA.hy926 cells, gene expression profiles of control and TDD‐treated EA.hy926 cells were studied by microarray analysis. Approximately 42 545 mRNAs with differential changes induced by TDD were identified, with a two‐fold or more increase in the expression of 2964 mRNAs. The expressions of some representative genes were evaluated by fluorescence quantitative polymerase chain reaction (Supplementary material online, Figure [S4](#jcmm13948-sup-0001){ref-type="supplementary-material"}). Among them the most prominently regulated gene induced by TDD was HMBOX1. Therefore, we focused study on HMBOX1. As shown in Figure [1](#jcmm13948-fig-0001){ref-type="fig"}, treatment with TDD in EA.hy926 cells significantly increased the expression level of HMBOX1 mRNA and protein in a dose‐dependent manner. Biological processes related to genes with differential expression were done using GO analysis. Among them the response to the LPS pathway was shown to be significantly impacted by TDD treatment (Figure [2](#jcmm13948-fig-0002){ref-type="fig"}).

![TDD‐mediated regulation of HMBOX1 expression in EA.hy926 cells. (A) HMBOX1 mRNA expression was analyzed by FQ‐PCR and normalized mRNA values relative to GAPDH levels were plotted. (B) Effect of TDD on HMBOX1 protein levels was evaluated by western blot with analysis of β‐actin expression as loading control. The data show the mean ± S.D. of three independent experiments. \**P* \< 0.05 and \*\**P* \< 0.01, compared to the TDD (‐) group.](JCMM-23-453-g001){#jcmm13948-fig-0001}

![The differentially expressed genes in TDD‐treated EA.hy926 cells were analyzed according to gene ontology in three dimensions: (A) biological processes, (B) molecular functions and (C) cellular localization.](JCMM-23-453-g002){#jcmm13948-fig-0002}

3.3. TDD inhibited LPS‐induced THP‐1 adhesion {#jcmm13948-sec-0018}
---------------------------------------------

Inflammation‐induced mononuclear cell adhesion to the endothelium is believed to be one of the earliest events in the development of AS.[30](#jcmm13948-bib-0030){ref-type="ref"} To assess the effect of TDD on this monocyte‐endothelium adhesion, experiments were conducted using fluorescence‐labelled THP‐1 cells. Exposing EA.hy926 cells to LPS significantly increased the adhesion of the THP‐1 cells to EA.hy926 cells (Figure [3](#jcmm13948-fig-0003){ref-type="fig"}A). TDD pre‐treatment considerably prevented the LPS‐induced adhesion of THP‐1 cells to EA.hy926 cells, and the treatment with 20 μmol/L TDD reduced the LPS‐induced THP‐1 adhesion by more 50%.

![Effects of TDD on LPS‐stimulated monocyte adhesion, adhesion molecule and pro‐inflammatory cytokines expression. (A) THP‐1 cells were labeled with the fluorescent probe and the adhesion was determined. (B) The gene expression of VCAM‐1, ICAM‐1 and E‐selection levels were determined by real‐time PCR and normalized to GAPDH. (C) The expression of VCAM‐1, ICAM‐1 and E‐selection were measured by Western blot assay. The β‐actin protein level was considered as an internal control. (D) The production of TNF‐α and IL‐6 were measured by ELISA analysis. (E) The mRNA expression of IL‐6, IL‐1β, MCP‐1 and TNF‐α were determined by FQ‐PCR. (F, G) Effects of TDD on LPS‐stimulated the IL‐6, IL‐1β, MCP‐1, TNF‐α, ICAM‐1, VCAM‐1 and E‐selection mRNA expression were determined by FQ‐PCR with or without transfecting HMBOX1 siRNA. The data show the mean ± SD of three independent experiments. \**P *\<* *0.05, \*\**P *\<* *0.01 and \*\*\**P *\<* *0.001, compared to the LPS (+) group. ^\#^ *P *\<* *0.05 and ^\#\#^ *P *\<* *0.01, compared to the LPS (+) TDD (+) group](JCMM-23-453-g003){#jcmm13948-fig-0003}

3.4. TDD inhibited LPS‐induced cell adhesion molecule expression and pro‐inflammatory cytokine production via HMBOX1 activation {#jcmm13948-sec-0019}
-------------------------------------------------------------------------------------------------------------------------------

The increased expression of cell adhesion molecule (CAMs), such as VCAM‐1, ICAM‐1 and E‐selectin, may contribute to the recruitment of inflammatory monocytes into the vascular wall and the initiation of AS.[31](#jcmm13948-bib-0031){ref-type="ref"} Therefore, the effect of TDD on the expression levels of CAM mRNAs and proteins in LPS‐stimulated EA.hy926 cells was examined. As shown in Figure [3](#jcmm13948-fig-0003){ref-type="fig"}B,C, LPS exposure significantly increased the expression levels of CAMs, and TDD inhibited this effect in a dose‐dependent manner.

Further, the effects of TDD on the production of pro‐inflammatory cytokines such as IL‐6 and TNF‐α, was analysed using ELISA. The results indicated that secretion of IL‐6 and TNF‐α increased in LPS‐stimulated EA.hy926 cells and that TDD slightly inhibited this secretion (Figure [3](#jcmm13948-fig-0003){ref-type="fig"}D). In addition, whether TDD could reduce the levels of pro‐inflammatory cytokine mRNAs in LPS‐treated EA.hy926 cells was examined. As shown in Figure [3](#jcmm13948-fig-0003){ref-type="fig"}E, transcription levels of IL‐6, IL‐1β, MCP‐1 and TNF‐α decreased following TDD treatment compared with those following LPS treatment.

To determine whether TDD could inhibit LPS‐induced inflammation via HMBOX1 signalling, HMBOX1 knockdown analysis was performed using siRNA technology. The efficacy of siRNA interference was assessed by RT‐PCR and western blotting, and the most effective target was selected (Supplementary material online, Figure [S5](#jcmm13948-sup-0001){ref-type="supplementary-material"}A‐C). Our results demonstrated that the effects of TDD on the expression of inflammatory mediators in LPS‐treated‐EA.hy926 cells were abolished by HMBOX1 siRNA treatment (Figure [3](#jcmm13948-fig-0003){ref-type="fig"}F,G), indicating that TDD prevents LPS‐induced inflammation through HMBOX1 activation.

3.5. TDD suppressed LPS‐induced ROS production via HMBOX1 activation in EA.hy926 cells {#jcmm13948-sec-0020}
--------------------------------------------------------------------------------------

To assess the anti‐oxidant properties of TDD, ROS levels were measured. LPS significantly increased ROS, but TDD treatment (20 μmol/L) effectively suppressed ROS production (Figure [4](#jcmm13948-fig-0004){ref-type="fig"}A,B). In addition, the effects of TDD on LPS‐induced ROS expression were abolished by HMBOX1 siRNA treatment (Figure [4](#jcmm13948-fig-0004){ref-type="fig"}C,D), indicating that TDD prevents LPS‐induced ROS production through HMBOX1 activation.

![Effects of TDD on LPS‐induced ROS expression in EA.hy926 Cells. The ROS production was detected using the DCFH‐DA probe; (A, B) EA.hy926 Cells were treated with TDD for 4 h before addition of LPS (1 μg/mL) for another 30 min. The DCF fluorescence intensity was detected by flow cytometric analysis. (C, D) Effects of TDD on LPS‐induced ROS expression in EA.hy926 Cells with or without transfecting HMBOX1 siRNA. The data show the mean ± SD of three independent experiments. \**P *\<* *0.05, \*\**P *\<* *0.01 and \*\*\**P *\<* *0.001, compared to the LPS (+) group. ^\#^ *P *\<* *0.05, compared to the LPS (+) TDD (+) group](JCMM-23-453-g004){#jcmm13948-fig-0004}

3.6. TDD inhibited LPS‐induced NF‐κB activation by activating HMBOX1 {#jcmm13948-sec-0021}
--------------------------------------------------------------------

Previous studies have shown that NF‐κB is a key regulator of pro‐inflammatory cytokines.[32](#jcmm13948-bib-0032){ref-type="ref"} Therefore, the effect of TDD on LPS‐induced NF‐κB activation in EA.hy926 cells was examined. Our results indicate that TDD pre‐treatment inhibited LPS‐increased p65 NF‐κB translocation to the nuclear fraction in EA.hy926 cells (Figure [5](#jcmm13948-fig-0005){ref-type="fig"}A). The inhibitory effect of TDD on LPS‐induced NF‐kB p65 nuclear translocation was consistent with protein expression levels and further confirmed using confocal microscopy (Figure [5](#jcmm13948-fig-0005){ref-type="fig"}B).

![Effects of TDD on nuclear translocation of NF‐κB/p65 via HMBOX1 activation in LPS‐stimulated EA.hy926 Cells. NE, nuclear extracts; CE, cytoplasmic extracts. (A) The cells were treated with TDD for 4 h before addition of LPS (1 μg/mL) for another 2 h. Cytoplasmic and nuclear levels of NF‐κB p65 were detected by Western blotting to analyze the translocation of NF‐κB. Lamin B and β‐actin were used as loading controls for nuclear and cytosolic protein fractions, respectively. (B) Immunofluorescent imaging shows a TDD‐mediated suppression of LPS‐mediated nuclear translocation of NF‐κB p65 in EA.hy926 Cells. The arrow indicates the position of NF‐Κb p65 (magnification, ×1000). (C) Effects of TDD on nuclear translocation of NF‐κB/p65 in LPS‐stimulated EA.hy926 Cells with or without transfecting HMBOX1 siRNA. (D) Effects of NF‐κB, ERK1/2 and p38 MAPK inhibitors on the transcription of IL‐6, IL‐1β, MCP‐1 and TNF‐α in LPS‐stimulated EA.hy926 cells. The data show the mean ± SD of three independent experiments. \**P *\<* *0.05 and \*\**P *\<* *0.01, compared to the LPS (+) group. ^\#^ *P *\<* *0.05 compared to the LPS (+) TDD (+) group](JCMM-23-453-g005){#jcmm13948-fig-0005}

Next, HMBOX1 knockdown analysis was used to investigate whether HMBOX1 influenced the effect of TDD on LPS‐induced NF‐κB activation. As shown in Figure [5](#jcmm13948-fig-0005){ref-type="fig"}C, HMBOX1 silencing reversed the repressive effects of TDD on LPS‐induced NF‐κB activation. These results indicate that TDD could suppress the LPS‐induced activation of NF‐κB at least in part by activating HMBOX1. Furthermore, PDTC (an inhibitor of NF‐κB) suppressed the transcription levels of IL‐6, IL‐1β, MCP‐1 and TNF‐α in LPS‐stimulated EA.hy926 cells (Figure [5](#jcmm13948-fig-0005){ref-type="fig"}D).

3.7. TDD suppressed LPS‐induced phosphorylation of MAPK via HMBOX1 activation {#jcmm13948-sec-0022}
-----------------------------------------------------------------------------

Because MAPKs play important roles in regulating inflammation, whether TDD could inhibited the phosphorylation of MAPKs in LPS‐treated EA.hy926 cells was investigated. As shown in Figure [6](#jcmm13948-fig-0006){ref-type="fig"}A, phosphorylation of p38, ERK1/2 and JNK was significantly increased in LPS‐treated cells, but TDD pre‐treatment (5‐20 μmol/L) inhibited this effect. To investigate whether HMBOX1 is involved in TDD suppression of MAPK phosphorylation, HMBOX1 was knocked down using siRNA. As shown in Figure [6](#jcmm13948-fig-0006){ref-type="fig"}B, HMBOX1 silencing reversed the repressive effects of TDD on MAPK phosphorylation in LPS‐treated EA.hy926 cells.

![Effects of TDD on LPS‐stimulated phosphorylation of MAPKs via HMBOX1 activation in EA.hy926 Cells. (A) EA.hy926 Cells were treated with TDD for 4 h before addition of LPS (1 μg/mL) for another 30 min. Relative protein expressions were analyzed by Western blot analysis. (B) Effects of TDD on MAPKs activation in LPS‐stimulated EA.hy926 cells with or without transfecting HMBOX1 siRNA. The data show the mean ± SD of three independent experiments. \**P *\<* *0.05 and \*\**P *\<* *0.01, compared to the LPS (+) group. ^\#^ *P *\<* *0.05 and ^\#\#^ *P *\<* *0.01, compared to the LPS (+) TDD (+) group](JCMM-23-453-g006){#jcmm13948-fig-0006}

Taken together, our results indicate that TDD attenuates LPS‐induced MAPK phosphorylation via HMBOX1 activation. Moreover, U0126 (an inhibitor of ERK1/2) and SB203580 (an inhibitor of p38 MAPK) inhibited the transcription of IL‐6, IL‐1β, MCP‐1 and TNF‐α in LPS‐stimulated EA.hy926 cells (Figure [5](#jcmm13948-fig-0005){ref-type="fig"}D).

4. DISCUSSION {#jcmm13948-sec-0023}
=============

Inflammation and oxidative stress play key roles in the progression of cardiovascular diseases, including AS.[33](#jcmm13948-bib-0033){ref-type="ref"}, [34](#jcmm13948-bib-0034){ref-type="ref"}, [35](#jcmm13948-bib-0035){ref-type="ref"} Therefore, the inhibition of inflammatory response and ROS production may be beneficial in preventing the development of AS.[33](#jcmm13948-bib-0033){ref-type="ref"} Endothelial cell dysfunction is another major cause AS development.[19](#jcmm13948-bib-0019){ref-type="ref"}, [20](#jcmm13948-bib-0020){ref-type="ref"}, [21](#jcmm13948-bib-0021){ref-type="ref"} Although primary HUVECs are considered to be the best model for endothelial function studies, they may undergo phenotypic change with passages and may require specialized culture media for growth. Nowadays, the EA.hy926 cell line is widely used to study the protective effects of various chemical substances on the vascular endothelium in vitro,[36](#jcmm13948-bib-0036){ref-type="ref"} owing to the ability to preserve the biological characteristics and cell function of primary HUVECs such as endothelin converting enzyme,[37](#jcmm13948-bib-0037){ref-type="ref"} VIII‐related antigen (VIIIR:Ag),[38](#jcmm13948-bib-0038){ref-type="ref"}, [39](#jcmm13948-bib-0039){ref-type="ref"} prostacyclin[40](#jcmm13948-bib-0040){ref-type="ref"} and so on.

Atherosclerosis is usually a chronic inflammatory disease of the vessel walls, and its systemic inflammation may be mimicked by exposure to LPS and *Porphyromonas gingivalis* endotoxins.[41](#jcmm13948-bib-0041){ref-type="ref"} Systemic inflammation mediated by the infusion of endotoxins results in the formation and development of atheromatous lesions in animals.[42](#jcmm13948-bib-0042){ref-type="ref"}, [43](#jcmm13948-bib-0043){ref-type="ref"}, [44](#jcmm13948-bib-0044){ref-type="ref"} Epidemiological studies also indicate that an elevated serum LPS level constitutes a critical risk factor for the development of AS in humans.[45](#jcmm13948-bib-0045){ref-type="ref"}, [46](#jcmm13948-bib-0046){ref-type="ref"}, [47](#jcmm13948-bib-0047){ref-type="ref"} A pivotal mechanism of AS aggravation is proposed to be a part of an endothelial injury pathway induced by LPS.[48](#jcmm13948-bib-0048){ref-type="ref"}, [49](#jcmm13948-bib-0049){ref-type="ref"}

Pharmacological studies have demonstrated that TDD can ameliorate myocardial ischaemia‐reperfusion injury and prevent arteriosclerosis,[10](#jcmm13948-bib-0010){ref-type="ref"}, [11](#jcmm13948-bib-0011){ref-type="ref"} indicating that TDD could improve endothelial function, suppress the inflammatory reaction and reduce oxidative stress. To investigate TDD target genes, the microarray analysis of differences between TDD‐treated and control EA.hy926 cells was conducted. In this study, approximately 42 545 mRNAs with differential changes induced by TDD were identified in EA.hy926 cells. Among these, the highest fold change in upregulation induced by TDD was in HMBOX1.

On the basis of the results of the GO analysis of microarray data, biological processes influenced by TDD were determined to be involved in the response to LPS, which is in agreement with previous results.[13](#jcmm13948-bib-0013){ref-type="ref"} Exposing vascular endothelial cells to LPS generated inflammatory cytokines and ROS.[25](#jcmm13948-bib-0025){ref-type="ref"}, [26](#jcmm13948-bib-0026){ref-type="ref"}, [50](#jcmm13948-bib-0050){ref-type="ref"} Here, we investigated the correlation between HMBOX1 activation and the anti‐inflammatory and antioxidant effects of TDD in LPS‐treated EA.hy926 cells and further explored the possible underlying mechanisms.

Because TDD can prevent arteriosclerosis, we hypothesized that TDD might suppress LPS‐triggered interactions between monocytes and vascular cells, which is an early step in the development of AS.[30](#jcmm13948-bib-0030){ref-type="ref"} CAMs are the key factors involved in the regulation of enhanced endothelium‐monocyte interactions leading to inflammation.[31](#jcmm13948-bib-0031){ref-type="ref"}, [51](#jcmm13948-bib-0051){ref-type="ref"}, [52](#jcmm13948-bib-0052){ref-type="ref"} Meanwhile, impaired endothelial cells can release inflammatory cytokines, such as MCP‐1, IL‐6, IL‐1β and TNF‐α, which can trigger stronger inflammatory vascular responses, accelerating the development of AS.[53](#jcmm13948-bib-0053){ref-type="ref"}, [54](#jcmm13948-bib-0054){ref-type="ref"} In the present study, TDD suppressed LPS‐induced increase in VCAM‐1, ICAM‐1 and E‐selectin mRNA levels and protein expression. In addition, TDD also significantly downregulated the production or expression of IL‐6, IL‐1β, MCP‐1 and TNF‐α in LPS‐stimulated EA.hy926 cells in a concentration‐dependent manner. Other studies have reported that ROS also contributed to endothelial adhesion molecule expression and cytokine production.[25](#jcmm13948-bib-0025){ref-type="ref"}, [55](#jcmm13948-bib-0055){ref-type="ref"} To further validate whether the effect of TDD on the inhibition of inflammation and ROS production in LPS‐stimulated EA.hy926 cells was mediated through HMBOX1, HMBOX1 silencing was conducted. Our results indicated for the first time that anti‐inflammatory and anti‐oxidative effects of TDD were abolished when HMBOX1 was silenced.

NF‐κB is a known redox‐sensitive transcription factor and can be activated by ROS,[56](#jcmm13948-bib-0056){ref-type="ref"}, [57](#jcmm13948-bib-0057){ref-type="ref"} which has been shown to regulate the expression of CAMs and the production of inflammatory cytokines, which are involved in the progression of AS.[58](#jcmm13948-bib-0058){ref-type="ref"}, [59](#jcmm13948-bib-0059){ref-type="ref"} When cells are stimulated by LPS, activated IKK phosphorylates IκBα and the phosphorylated IκBα is subsequently degraded through ubiquitination. The liberated NF‐κB then enters the nucleus, where it can bind to specific DNA motifs and trigger an inflammatory response.[56](#jcmm13948-bib-0056){ref-type="ref"} Thus, the effect of TDD on NF‐κB activation in LPS‐stimulated EA.hy926 cells was detected by western blotting. Results showed that TDD treatment inhibited NF‐κB activation. To further confirm these results, an immunofluorescence assay revealed that TDD treatment inhibited the translocation of NF‐B p65 to the nucleus in LPS‐stimulated EA.hy926 cells.

In addition to NF‐kB, this secretion of CAMs and pro‐inflammatory cytokines is always dependent on the activation of MAPKs.[58](#jcmm13948-bib-0058){ref-type="ref"}, [60](#jcmm13948-bib-0060){ref-type="ref"} Our results indicated that TDD treatment inhibits the LPS‐stimulated activation of p38 and ERK1/2. In addition, when LPS‐stimulated EA.hy926 cells were exposed to PDTC (a selective NF‐κB inhibitor), SB203580 (a selective p38 MAPK inhibitor) or U0126 (a selective MEK1/2 inhibitor), the levels of IL‐6, IL‐1β, MCP‐1 and TNF‐α mRNA decreased. Therefore, our results confirmed that TDD inhibited the release of inflammatory factors by inhibiting the LPS‐induced activation of NF‐κB and MAPKs. Moreover, this inhibitory effect was attenuated by HMBOX1 siRNA, suggesting that TDD prevented LPS‐induced NF‐κB and MAPK activation via HMBOX1 signal activation.

In conclusion, our results demonstrate that TDD inhibits the LPS‐mediated adhesion of monocytes to EA.hy926 cells and suppresses the levels of CAMs and pro‐inflammatory cytokines as well as ROS production in LPS‐stimulated EA.hy926 cells. Moreover, the protective, anti‐inflammatory and anti‐oxidative effects of TDD are likely mediated via the activation of HMBOX1, which contributes to the inhibition of redox‐sensitive NF‐κB and MAPK pathways (Figure [7](#jcmm13948-fig-0007){ref-type="fig"}). In conclusion, TDD may be a potential novel anti‐inflammatory and anti‐oxidative drug for treating endothelial cell dysfunction in AS.

![Diagram of the possible mechanisms of TDD‐induced effects in LPS‐stimulated EA.hy926 Cells. TDD as a HMBOX1 activator to suppress LPS‐stimulated inflammation and ROS production, subsequent inhibition of redox‐sensitive NF‐κB and MAPK activation](JCMM-23-453-g007){#jcmm13948-fig-0007}
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